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Magnetic Quench Antenna for MQXF quadrupoles 
M. Marchevsky, G. Sabbi, S. Prestemon, T. Strauss, S. Stoynev and G. Chlachidze 
Abstract—High-field MQXF-series quadrupoles are presently 
under development by LARP and CERN for the upcoming LHC 
luminosity upgrade. Quench training and protection studies on 
MQXF prototypes require a capability to accurately localize 
quenches and measure their propagation velocity in the magnet 
coils. The voltage tap technique commonly used for such 
purposes is not a convenient option for the 4.2 m-long MQXF-A 
prototype, nor can it be implemented in the production model. 
We have developed and tested a modular inductive magnetic 
antenna for quench localization. The base element of our quench 
antenna is a round-shaped printed circuit board containing two 
orthogonal pairs of flat coils integrated with low-noise 
preamplifiers. The elements are aligned axially and spaced 
equidistantly in 8-element sections using a supporting rod 
structure. The sections are installed in the warm bore of the 
magnet, and can be stacked together to adapt for the magnet 
length. We discuss the design, operational characteristics and 
preliminary qualification of the antenna. Axial quench 
localization capability with an accuracy of better than 2 cm has 
been validated during training test campaign of the MQXF-S1 
quadrupole. 
 
Index Terms—Accelerator magnets, quench, magnetic 
analysis, magnetic sensors.  
I. INTRODUCTION 
HE Nb3Sn 12 T and 150 mm aperture quadrupoles of
MQXF series developed by LARP collaboration and 
CERN are at the core of the planned LHC luminosity upgrade 
[1]. Three major magnet models are being constructed: 
MQXF-S with a magnetic length of 1 m, MQXF-A of 4.2 m, 
and MQXF-B of 7.15 m. The latter two models will be 
combined in a structural assembly at LHC, having four 
magnets of “A” type and two of “B" type, while the shorter 
“S” model is being built and tested to validate and optimize 
the common design, and ensure it meets the performance 
requirements [2,3]. Testing campaign of the first MQXF-S has 
been recently completed by LARP, and will be followed by 
tests of the MQXF-A prototype. It includes quench training, 
protection and field quality studies. In the course of these 
tests, quench locations in the windings have to be determined 
to verify uniformity of training and consistency with the 
existing electromagnetic and mechanical stress models. Also, 
quench propagation velocity is an important parameter that 
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needs to be measured to verify consistency of the quench 
protection modeling. While traditionally such information is 
obtained using voltage taps distributed within the coil 
windings, it is not a particularly suitable method for the 
MQXF series. Firstly, given the length of MQXF-A and the 
expected range of quench propagation velocities being similar 
to that in other Nb3Sn magnets of similar design [4-6], one 
would require at least ~20 taps around the pole turn alone of 
each coil to observe quench propagation between the two 
neighboring taps within the allowed (typically < 5 ms) quench 
detection and validation window. Secondly, in the production 
models the amount of taps is usually minimized to reduce 
risks of local mechanical electrical breakdown. 
In view of these considerations, a magnetic quench antenna 
is a viable alternative, allowing to localize quenches remotely 
and non-invasively and to measure their propagation 
dynamics. Numerous types of quench antennas have been 
developed in the past for use with various accelerator magnets 
[7-11]. Our present design is based upon the previously 
validated concept [12] of quench localization based on 
detecting gradient of the axial field component in the magnet 
bore arising from a normal zone formation in the 
superconducting cable. It incorporates pairs of dipole-bucked 
pickup coils that are orthogonal to each other in the xy plane, 
and axially aligned along the magnet bore z-axis to sense time 
derivatives of dBz/dx and dBz/dy respectively. To achieve easy 
adaptability to MQXF models of different length and inter-
operability with the field quality measurements, our antenna is 
constructed as a modular structure suitable for installation in 
the ~130 mm-diameter warm bore (“anti-cryostat”) of the 
magnet aligned with its central axis. In the present work, we 
present details of conceptual and practical design of the 
quench antenna, and demonstrate its operational capabilities in 
the training tests of MQXF-S1quadrupole. 
II. DESIGN AND CONSTRUCTION
A. Operational principle and sensitivity estimate 
Quench development in a superconducting Rutherford cable 
would normally cause two kinds of transient effects associated 
with current re-distribution around the hot spot, as sketched in 
Fig. 1a.  The first one is a breakdown of the solenoidal current 
flow path formed with strand twist around the cable central 
axis, and a corresponding “leakage” of the stray field from the 
cable interior [13]. Also, as the initial normal zone is likely to 
grow non-symmetrically with respect to cable central axis (for 
example, due to local magnetic field being stronger along the 
inner cable edge), it will cause a corresponding current flow 
distortion [14-16]. Both effects result in the appearance of a 
non-zero axial field component the vicinity of the hot spot that 
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can be picked up by the sensor coil of the quench antenna. We 
choose to sense transients of the in-plane gradient of the axial 
field rather than the field itself, in order to improve accuracy 
of spatial localization of quench locations and reduce antenna 
sensitivity to the magnetic noise. A similar approach was 
taken in [17] where axial field antenna was used to localize 
quenches in a high-field Nb3Sn dipole. 
To estimate the expected level of antenna voltages due to a 
quench, we use the simulation approach and software 
developed and described in [11], and approximate the 
expanding normal zone as a linear “row” of adjacent circular 
mini-loops of current occupying the cable cross-section 
(18.15x1.52 mm) and growing stepwise, row by row in the 
orthogonal direction along the cable axis thus emulating 
increasing “leakage” of the stray field from within the 
expanding normal zone. A single round current loop sized 
with the cable width, and orthogonal to the mini-loops of the 
expanding array is placed at the expansion boundary in the 
cable plane, thus accounting for the effect of planar current re-
distribution in the cable. Both assumptions work well provided 
Ra  Rs, where Ra is the inter-strand resistance, and Rs is the 
strand resistance per cable pitch at hot spot temperature. The 
latter condition seems to be always true for Nb3Sn cables at 
T>~ 150 K. [18]. All loops in our simulation carry the same 
current Il given by Il=Icab (dst/b), where dst is the linear step 
size along the cable axis in our simulation (we have chosen 
d=3 mm), and b is the cable twist pitch (109 mm). We assume 
velocity of the normal zone interface of 10 m/s and the net 
current in the cable Icab = 15 kA (~70% of Iss at 1.9 K). A 
square probe loop (25x25 mm) placed at a distance (center-to-
center) of 55 mm from the cable axis and axially aligned with 
z-axis is chosen as an equivalent approximation for a single 
90-deg sectoral coil of the antenna that would fit into the 
available space in the inner bore. We ignore the opposite 
dipole-bucked coil in this simple estimate, since most of the 
varying flux will be enclosed by the coil nearest to the 
quenching cable. Using these parameters, our simulation 
yields peak inductive voltage in the probe loop of ~3.2x10-5 V 
generated when the quench front passes along the antenna 
element. For practical purposes, a factor of ~104 in signal 
amplification would be then desirable for matching the 
antenna output to the input range of a typical data acquisition 
system. We achieve such gain by having 12-turn coils in each 
90-deg antenna element sector in combination with 
instrumentational amplifiers of gain ~650 installed directly on 
the antenna boards. Also notable is that the simulated signal 
persists over ~4 ms which translates into a corresponding 4 cm 
distance along the z-axis for the given quench propagation 
velocity, thus providing a rough estimate for the expected 
axial resolution of the antenna. 
B. Practical design 
The antenna elements are cut of a 4-layer 0.6 mm-thick 
printed circuit board, and are 95 mm in diameter. Two 
identical sub-elements are accommodated at each board. Each 
sub-element consists of a dipole-bucked pair of sectorial 90-
 
 
 
Fig. 2. (a) A photograph of the assembled antenna board (single element). (b) 
The electrical schematic of a single antenna sub-element (two sub-elements 
per board).  Two oppositely placed quarter-circle flat coils are dipole bucked 
and their inductive voltage is amplified using low-noise on-board 
instrumentational amplifier. 
 
Fig. 1. (a) A sketch showing quench propagation in a Rutherford cable. The 
normal zone expands to the right causing “leakage” of the solenoidal field 
form the cable interior, as well as current redistribution near the normal zone 
boundary. Both effects can be simulated as a set of current loops building up 
along the cable length. When quench front passes along the antenna pickup 
coil (shown in dashed line) an inductive signal is generated. (b) The transient 
inductive voltage calculated for a 25x25 mm-sized rectangular pickup loop 
placed at x0=55 mm from the quenching cable.   
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degree wide flat coils that are mutually rotated by a 180 
degree angle (coil pairs are denoted as “ab” and “cd”). Each 
flat coil contains 12 printed turns (trace width is 0.2 mm) 
distributed equally between the top and bottom layer of the 
board. The two inner layers of the board are used for 
distributing external power to the amplifiers, and, partially, to 
route some antenna output signals around the interface 
connector. In the center of the board, two identical 
preamplifier circuits, one for each sub-channel, are assembled. 
Also near the board center, there are two blocks of 
commutation jumpers (8 jumpers per block) allowing to 
address the preamplifier output to a specific pin of the 
interface connector. This addressing solution enables use of a 
flat 20-wire ribbon cable to interface all eight antenna 
elements of the section, thus carrying 16 independent signals 
(two per each element), the +12 V and -12 V power lines, and 
the grounding line. At the side of one jumper block, a 
miniature LED power-up indicator is installed. A photo of the 
assembled board is shown in Fig 2a, and the electrical 
schematic of a single antenna sub-element is shown in Fig. 2b. 
We use AD8221 low-noise instrumentational amplifiers that 
were set to gain 1000 using 50  resistor installed between it 
terminals 2 and 3. In order to prevent parasitic oscillations in 
the circuit due to inductive and capacitive cross-talk along the 
long ribbon cable, we added a distributed filter circuit, having 
1 k resistor load at the board in series with the RC circuit 
(0.047 F and 2 k) terminating each signal line inside the 
connector box installed at the far end of the ~6 m-long ribbon 
cable. The filter circuitry effectively reduced the antenna gain 
to ~650 and narrowed the output bandwidth to ~0-10 kHz. The 
latter, however, is still sufficient for observing quench 
propagation based on the simulation data (Fig 1b), while the 
high-frequency noise is being effectively cut out. In the future 
the low-pass filter can be adjusted as necessary, to allow for 
studies of fast transients and flux jump dynamics, up to the 
full bandwidth of the preamplifier of ~1 MHz. For additional 
reduction of parasitic electromagnetic noise existing in the 
magnet test facility, the entire flat ribbon cable was later 
inserted into a copper-mesh shield, while the coil areas on 
boards were laminated at one side with a ground-terminated 
0.1 mm-thick aluminum foil.  
The fully assembled antenna section is shown in Fig 3a. 
Eight boards are mounted together using plastic rods passing 
through the board sector centers, and separating the boards by 
15.3 cm distance axially, thus yielding the full length of the 
section of 107.1 cm. The chosen inter-element separation 
ensures a full length coverage by the antenna of the MQXF-S 
magnet straight section (100.2 cm), with a small overlap to the 
coil ends. Also, per our simulation, the element separation 
should be sufficient to clearly separate quench location axially 
based on the antenna voltages. For testing the antenna with 
MQXF-S magnet, the entire section is attached to the 
supporting round G10 baseplate terminated with an insertion 
rod for handing the antenna in the warm bore. For the 4.2-m 
long MQXF-A magnet, four identical antenna sections will be 
stacked in the warm bore on top of each other, each added 
section rotated 90 degree clockwise with respect to its lower 
neighbor in order to accommodate the four ribbon cables 
coming out of the bore along the sides of the antenna 
assembly. 
A final electrical checkout of the antenna section was 
conducted prior to its installation in the magnet. It showed a 
consistently low noise not exceeding 2 mV p-p at all amplifier 
outputs. A small flexible permanent magnet (of whiteboard 
type) was moved by hand at a speed of ~0.5/m s along the 
antenna sides, and antenna voltages were recorded using 
Yokogawa WE900 simultaneous DAQ sampling continuously 
at 2 kHz. Consistent time-shifted voltage responses of ~ 1 V in 
amplitude were measured at all sub-element outputs, as shown 
in the plot of Fig. 3b.  
III. ANTENNA VALIDATION DURING TRAINING STUDY OF THE 
MQXF-S1 QUADRUPOLE 
We have installed the antenna in the warm bore of MQXF-S1 
quadrupole (a first MQXF-S prototype tested at FNAL), and 
used it to determine quench locations during training studies 
of this magnet at 1.9 K. The antenna layout overlaying the 
magnet coil geometry is shown in Fig 4a. Each coil of the 
magnet was instrumented with 16 voltage taps for quench 
localization, and the antenna was interfaced to the DAQ of the 
magnet test facility, sampling at 7.1 kHz (DAQ design speed 
is 10 kHz) for all signals, including the voltage taps. Only 13 
antenna channels (out of 16 available) were interfaced in this 
test. The data acquisition was set for the time window of 2 s 
centered at the quench trigger arrival time (denoted as “0 s” in 
the plots). The trigger was issued when either the total or the 
imbalance voltage registered by the quench detection system 
 
 
Fig. 3. (a) A photograph of the fully assembled and powered up quench 
antenna section.(b) Voltages measured at the antenna outputs while a small 
permanent magnet is moved along the length of the antenna, right to left at 
~0.5 m/s velocity. Every two consecutive channels correspond to a single 
antenna element, with the first element (1ab, 1cd) being the closest to the G10 
support baseplate. Traces were progressively offset by 1 V on the vertical axis 
for clarity. 
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increased above its pre-defined threshold setting. In Fig. 4b 
measurement results for two training quenches are shown: 
(quench #5) at 17806 A, and another (quench #10) at 18642 A. 
For analysis purposes all acquired signals were up-sampled at 
4 times the original acquisition rate, and then fitted with spline 
interpolation. Both quenches occurred in the inner layer multi-
turn section of the MQXF-S1 coil “3” (marked red in the 
sketch of Fig. 4a), as evidenced by the rising voltage across 
the corresponding voltage tap pair a4_a3. While that section of 
the coil was the only one participating in quench #5, voltage 
rise was also detected in the neighboring outer multi-turn 
section monitored by the tap pair a03_a02 in quench #10. In 
both quenches, Coil “3” of the magnet was facing sector “c” 
of the quench antenna. One should note, that quenching in 
multi-turn sections was prevalent in MQXF-S1 training, and 
the considered two quenches are representative of this magnet 
behavior. In quench #5 (Fig. 4b, top plot) a voltage above 
noise level was first detected in “ab” and “cd” channels of the 
element “1” (closest to the “lead end” of the magnet)  at 
t =  -14.0  ms, and within ~0.4 ms of the onset of a voltage rise 
across the a03_a02 tap pair. In ~8.1 ms following the initial 
detection a voltage rise was also detected at the element “2” of 
the antenna. This suggest localization of the quench #5 at the 
coil lead end, and yields a rough estimate of quench 
propagation velocity of ~18.9 m/s. Given the ~ ±0.5 ms timing 
uncertainty in voltage onset between “ab”, and “cd” signals, 
an accuracy of ~2 cm in quench localization can be expected 
from the antenna. We speculate that the “double peak” feature 
in voltage traces of the element “1” may be related to quench 
boundary passing along that element twice at different times. 
In such scenario, quenching would begin at an axial position 
in-between the element “1” and the top end of the multi-turn, 
followed by a simultaneous two-way propagation of the 
quench boundary towards the coil central region and around 
its lead end. In quench #10 (Fig. 4b, bottom plot), voltage rise 
is initially detected at the channel “ab” of the element “7”: it is 
abrupt and simultaneous with the voltage onset across the 
a4_a3 tap pair. Then ~2 ms later voltage onset is detected at 
the element “6”. However, it rises in a more graduate fashion, 
taking ~3.3 ms to reach the same positive derivative as that of 
the channel “ab” of element “7”. We believe, this may be 
related to a quench propagation into the outer multi-turn; in 
fact, voltage onset at the channel “6” is very close in time to 
the a2_a3 tap signal rising above its noise level. However, 
exact determination is difficult, and more analysis is required 
involving numerical simulations of antenna signals for various 
possible scenarios of quench propagation. Also, additional 
simulations will be conducted to enable a full potential of the 
antenna in distinguishing which side (left or right with respect 
to the coil central line) is quenching, relying on the polarity 
and relative voltage amplitude of the channels. 
IV. CONCLUSION 
We have designed and constructed a printed circuit board-
based axial field quench antenna for localizing quenches in 
high-field accelerator magnets. The eight element section of 
the antenna has being qualified during the training study of the 
MQXF-S1 quadrupole.  Adequate sensitivity and ability to 
localize quenches axially with ~2 cm accuracy has been 
verified, and an initial estimate of quench propagation velocity 
along the straight section of the magnet has been done. 
Quench antenna has proven to be an essential tool in MQXF-S 
testing campaign, as it enabled axial localization of quenches 
within the multi-turn coil sections that would be not possible if 
voltage taps alone were used for quench diagnostics. For 
future use in the 4.2-m long MQXF-A magnet four identical 
antenna sections based on the current prototype will be built. 
Additional benchmarking of the antenna setup against voltage 
tap-based quench localization, as well as studies of quench 
propagation, flux jump dynamics and magnetic instabilities 
will be conducted in the future tests of MQXF prototypes. 
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